Mercury intoxication is a public health risk factor due to its hazardous effect to several organs, including the cardiovascular system. There is evidence of endothelial dysfunction after exposure to mercury, but the effects on endothelium-dependent vasodilatation are still unknown. In the present study, we aimed to evaluate the chronic effects of high HgCl 2 doses on the mechanisms of vasodilatation.
0.014 μg/kg for 30 days i.m.), and saline was used as control. Mercury exposure reduced the acetylcholine-induced vasodilatation in aortic rings, which was restored by incubation with antioxidant tiron. Inhibition of the NO synthase, Na + / K + -ATPase and K + channels indicates reduced participation of these factors. In the mercury group, there were an increased local anion superoxide and a reduced NO. The vasodilatation to exogenous NO was partially inhibited by co-incubation with TEA plus tiron, suggesting that reduced NO bioavailability is the responsible to that decreased the participation of K + channels. Moreover, there was an increased participation of the Na + /K + -ATPase associated with an up-regulation of its alpha-1 subunit. In conclusion, reduced NO bioavailability plays a major role in the impaired participation of K + channels and Na + /K + -ATPase in the acetylcholine-mediated relaxation, although sodium pump is up-regulated probably as a compensatory mechanism.
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| INTRODUCTION
Mercury is an environmental pollutant widely used by the industry. 1 Similar to other metals, mercury induces the production of free radicals and interacts with sulfhydryl groups (SH) that are essential for the function of many proteins, including enzymes, ion channels and receptors. [2] [3] [4] [5] In a controlled model of chronic HgCl 2 exposure in the rat, the main cardiovascular effects include an increased vascular contractile response due to a reduced endothelial modulation of nitric oxide (NO) in different vessels, such as the aorta, mesenteric 6 and coronary arteries. 7 In fact, although oxidative stress and endothelial dysfunction are important mechanisms that contribute to atherosclerosis and the development of hypertension, 8, 9 and play a central role in the vascular changes induced by mercury, previous studies only have focused on the endothelial modulation to the vascular tone (ie, changes on vasoconstrictor responses). In this regard, the impacts of HgCl 2 on stimulated NO release, as that produced by acetylcholine on vasodilatation, are poorly studied. To clarify this issue, the endotheliumdependent and endothelium-independent vasodilatations of the rat aorta and the possible underlying mechanisms of HgCl 2 intoxication were evaluated. In this study, we investigated the effects of chronic mercury exposure using a dose that may approximate values found in heavily exposed individuals.
10,11
2 | MATERIAL AND METHODS
| Experimental animals
All procedures were approved by the Institutional Ethics Committee (CEUA-UFES 039/2014). The care and use of the animals followed the NIH and Brazilian guidelines. Male Wistar rats (180-200 g) had access to water and rat chow ad libitum and were randomly distributed into two groups as follows: control (CT, saline i.m.) or mercury (Hg. 1st dose 10.86 μg/kg HgCl 2 followed by daily doses of 0.14 μg/kg/day i.m.).
| Haemodynamic study
After 30 days, an invasive haemodynamic study was performed as described elsewhere. 12 Briefly, the rats were anaesthetized (urethane 1.5 g/kg, i.p.) and placed on a heated operating table (37°C). A polyethylene catheter (PE50) was then inserted into the right carotid artery and positioned to monitor the aortic and left ventricle pressures. Data were acquired (MP100A, Millar Instruments, Inc., Houston, TX, USA) and analysed using the LabChart 7 Software (PowerLab, ADInstruments, Bella Vista, NSW, Australia).
| "In vitro" study of vasodilatation response
Under the same anaesthesia, thoracic aortas were dissected, and cylindrical segments 4 mm in length were mounted in organ baths containing Krebs-Henseleit solution (in mmol/L: 124 NaCl, 4.6 KCl, 2. (pH 7.4) . Under a resting tension of 1 g, isometric tension was recorded using a transducer (TSD125C, CA, USA) attached to a data acquisition system (MP100A, BIOPAC System, Inc., Santa Barbara, CA, USA). After a 45-minute equilibration period, aortic rings were exposed to 75 mmol/L KCl to assess the functional integrity and the maximal tension developed. After washout, vasodilatation was evaluated using concentration-response curves to acetylcholine (ACh, 0.01 nmol/L to 0.3 mmol/L) and to sodium nitroprusside (SNP, 0.01 nmol/L to 0.3 mmol/L) after precontraction with phenylephrine. The effects of N G -nitro-L-arginine methyl ester (L-NAME, 100 μmol/L, a nonspecific NOS inhibitor), tetraethylammonium (TEA, 1 mmol/L, an unspecific potassium channel blocker), tiron (1 mmol/L, an superoxide anion scavenger), enalapril (10 μmol/L, an ACE inhibitor), indomethacin (INDO 10 μmol/L, an inhibitor of cyclooxygenase) and ouabain (100 μmol/L, Na + /K + -ATPase inhibitor) were investigated. In some experiments, concentration-response curves of SNP were generated after 30 minutes of incubation with ouabain, TEA or co-incubation with tiron plus TEA to investigate the role of Na The functional activity of the Na + /K + -ATPase was also evaluated using K + -induced relaxation. 13 After a 30-minute incubation in K + -free Krebs-Henseleit solution, vessels were precontracted with phenylephrine and KCl was added stepwise to attain increasing concentrations (1, 2, 5 and 10 mmol/L). After a washout period, the preparations were incubated with 100 μmol/L ouabain (OUA) for 30 minutes and the K + -induced relaxation curve was repeated.
2.4 | Measurement of "in situ" production of
NO and superoxide anion
In situ NO production was assessed using 4,5-diaminofluorescein (DAF-2), and the oxidative fluorescent dye dihydroethidium (DHE) was used to evaluate superoxide anion (O ÁÀ 2 ) production as detailed elsewhere.
14 To evaluate nonspecific fluorescence when evaluating NO and O ÁÀ 2 , protocols were also performed in the presence of L-NAME (100 μmol/L) and tiron (1 mmol/L), respectively. Transverse sections (10 μm) were obtained from frozen aortas by a cryostat and incubated with DAF-2 or DHE. For DAF-2 and DHE, the digital images were collected using a Leica DM 2500 fluorescence microscope coupled with a Leica DFC 310 FX camera and a Leica DMi8 fluorescence microscope equipped with a Leica DFC 365 FX camera, respectively (Leica Microsystems Inc., Buffalo Grove, IL, USA). The mean fluorescence densities (five samples per animal) in the target region were calculated using the ImageJ software, version 1.44p (National Institute of Health, Bethesda, Maryland, USA).
| Western blot analysis
Proteins from homogenized aortas were separated on a 7.5% SDS-polyacrylamide gel and electrophoretically transferred to polyvinylidene difluoride membranes (Amersham, GE Healthcare, Buckinghamshire, UK) that were incubated overnight at 4°C with monoclonal antibodies against Na + /K + -ATPase α-1 subunit (1:500, Millipore, San Francisco, CA, USA). The membranes were thoroughly washed and incubated with horseradish peroxidase-coupled antimouse antibody (1:5000; Amersham, GE Healthcare, Buckinghamshire, UK). α-Actin (1:5000, Sigma Chemical Co, St. Louis, Missouri, EUA) expression was used as a loading control from the same homogenate. Bands were detected using an ECL Plus Western Blotting detection system (GE Healthcare) after exposure to X-Ray AX film (Hyperfilm ECL International, GE Amersham, UK).
| Statistical analysis
All values are expressed as the mean ± SEM, and the number of animals used is indicated in parentheses. Vasodilatation is expressed as the percentage of the previous contraction. For concentration-response curves to ACh, maximal effect (R max ) and the sensitivity of the agonist (pD 2 : − log EC 50 , concentration of agonist that produced 50% of the maximal response) were calculated using nonlinear regression analysis and are presented in the Supporting Information Table S1 . Differences were analysed using Student's t test and a two-way ANOVA, followed by a Bonferroni post hoc test when appropriate. P < 0.05 was considered significant. Statistical analysis and graphical construction were performed using GraphPad Prism version 6.00 for Windows (GraphPad Software, La Jolla, CA, USA).
| Drugs and solutions
Mercury chloride (HgCl 2 ), N-nitro-L-arginine methyl ester (L-NAME), indomethacin, acetylcholine chloride, urethane chloride, sodium nitroprusside, tetraethylammonium (TEA), tiron, ouabain, 4,5 diaminofluorescein and dihydroethidium were purchased from Sigma-Aldrich (St. Louis, MO, USA). All salts and reagents were of analytical grade and were obtained from Sigma-Aldrich or Merck (Darmstadt, Germany).
| RESULTS
After 30 days, body-weight did not differ between the two groups (CT: 357 ± 5 g; Hg: 360 ± 8 g, P > 0.05). Moreover, heart rate, arterial or left ventricle pressures also did not differ between groups (Table 1) .
| Chronic mercury intoxication reduces endothelial-dependent relaxation
Although endothelial-independent relaxation, as evaluated by building concentration-response curves to SNP (a NO donor), was similar between groups, the vasodilator response to ACh was reduced in the aortic rings from the Hg group ( Figure 1) .
Incubation with the nonselective inhibitor of NO synthase L-NAME completely abolished the ACh-induced F I G U R E 1 Effects of mercury exposure on the endothelium-dependent and endothelium-independent vasorelaxation. A, Concentration-response curves for acetylcholine (ACh); B, Sodium nitroprusside (NPS) in aortic rings from control (CT) and HgCl 2 (Hg) groups. *P < 0.05 vs CT group, by two-way ANOVA followed by Bonferroni's post hoc test for multiple comparisons relaxation in both groups (Figure 2A,B) . However, the difference in the areas under the curves (dAUC) revealed reduced nitrergic modulation in the Hg group compared with controls ( Figure 2C ). Furthermore, indomethacin potentiated the maximum response to ACh in the aortic rings of the Hg group but did not affect the CT group ( Figure 3A,B) . Pre-incubation with ouabain 100 μmol/L, used to assess the role of Na + /K + -ATPase, reduced vasodilatation in response to ACh in both groups ( Figure 3C,D) , but dAUC suggested reduced participation of the sodium pump in the endothelium-mediated relaxation after mercury exposure (Hg: 86 ± 33 vs CT: 197 ± 31%, P < 0.05). Finally, TEA attenuated ACh-mediated vasodilatation in the CT but did not affect the Hg group, suggesting a loss of participation of these channels in the endotheliummediated vasodilatation ( Figure 3E ,F). Figure 2D shows representative fluorescent microphotographs of aortic sections labelled with the NO-sensitive fluorescent dye DAF-2 in the absence and in the presence of L-NAME. The semiquantitative analysis of NO indicated a reduced bioavailability in the aortas of the Hg group, since L-NAME significantly reduced DAF-2 fluorescence in CT, while the low fluorescence of the Hg was not influenced by L-NAME ( Figure 2E ). F I G U R E 2 Role of NO on the endothelium-dependent vasodilatation after chronic mercury exposure. Concentrationresponse curves for acetylcholine (ACh) were calculated after pre-incubating the arteries from control (CT) and HgCl 2 (Hg) groups with L-NAME (A, B), and (C) magnitude of effect was presented as differences between areas under curves (dAUC). In D, representative fluorescent microphotographs of aortic sections labelled with the NO-sensitive fluorescent dye 4,5-diaminofluorescein (DAF-2). Specificity was tested by incubation with L-NAME in both groups. The bar graph (E) shows the semiquantitative analysis. *P < 0.05 vs the respective group without intervention and # P < 0.05 vs CT, by two-way ANOVA followed by Bonferroni's post hoc test for multiple comparisons. In C, # P < 0.05 vs CT was calculated by unpaired Student's t test F I G U R E 3 Role of cyclooxygenasederived factors, Na + /K + -ATPase and potassium channels on the endotheliumdependent vasodilatation after chronic mercury exposure. Arteries from control (CT) and HgCl 2 -treated rats (Hg) were incubated with indomethacin (Indo) (A, B), ouabain (C, D) and tetraethylammonium (TEA) (E, F). The results are expressed as the means ± SEM. *P < 0.05 vs the respective group without intervention, by two-way ANOVA followed by Bonferroni's post hoc test for multiple comparisons 3.3 | Role of oxidative stress and local reninangiotensin system in the reduced vasodilatation after mercury intoxication
| Chronic mercury intoxication reduces in situ vascular NO bioavailability
Since an increase in O ÁÀ 2 can reduce NO bioavailability, we investigated its influence on ACh-mediated vasodilatation using the O ÁÀ 2 scavenger tiron. Pre-incubation with tiron did not change the relaxation response in CT ( Figure 4C ) but improved it in the Hg ( Figure 4D ). Likewise, pre-incubation with the angiotensin-converting enzyme inhibitor enalapril increased vasodilatation in the Hg without changing this response in the CT group (Figure 4A,B) . To confirm the role of this reactive oxygen species (ROS), we measured the in situ production of O ÁÀ 2 using the fluorescent dye DHE with or without tiron ( Figure 4E,F) , which revealed higher level in the aortas from the Hg group that was efficiently inhibited by tiron, with any effects on the CT group.
3.4 | Role of the NO-mediated potassium channel and Na + /K + -ATPase activation in the vasodilatation of aortas from rats exposed to mercury Nitric oxide is known to hyperpolarize and relax vascular smooth muscle by activating potassium channel conductance and stimulating the sodium pump activity. To investigate the role of the NO-mediated potassium channel activation in the vasodilatation, we pre-incubated samples with TEA to generate concentration-response curves to an exogenous NO donor. Incubation with TEA reduced the NO-mediated relaxation in only the CT ( Figure 5A,B) , suggesting that the response of potassium channels to exogenous NO was blunted in the Hg group. However, because ROS can potentially reduce the availability of this delivered NO, we also co-incubated tissues with tiron and TEA. Interestingly, co-incubation with tiron and TEA significantly reduced this vasodilatation in the aortic rings from Hg rats ( Figure 5B ), suggesting that vasodilatation mediated by opening the potassium channels was preserved if ROS are scavenged and a sufficient amount of NO is available.
Similarly, we evaluated the effect of Na + /K + -ATPase inhibition on the vasodilator response to the NO donor (Figure 5C,D) . Contrasting to its effect on the ACh-mediated vasodilation, ouabain exerted a greater inhibitory effect on the exogenous NO-mediated relaxation in the Hg group than in controls: the dAUC was significantly greater in the aortic rings of rats exposed to Hg, suggesting that Na CT and Hg and incubation with ouabain significantly reduced the response in both groups ( Figure 5F ,G), the magnitude of the reduction caused by ouabain was greater in the aortas from the Hg group ( Figure 5H ).
| Protein content of Na
To answer the previous issue, the protein expression of the Na + /K + -ATPase α1 subunit in the segments of thoracic aorta was measured, and it was significantly higher in the Hg group ( Figure 5I ).
| DISCUSSION
In the present study, the chronic exposure of rats to mercury impaired endothelium-mediated vasodilatation in aortic rings due to decrease endothelial NO modulation. The reduced bioavailability and/or production of endotheliumderived vasodilators, especially NO, is a major characteristic of the endothelial dysfunction in several pathological conditions. 15 Actually, previous studies of HgCl 2 exposure in the rat have already reported endothelial dysfunction as evidenced by increased phenylephrine-mediated vasoconstriction. 6, 16 However, vascular endothelial dysfunction is characterized not only by increased vasoconstrictor response but also mainly by reduced endothelium-dependent vasodilatations. Thus, our results corroborate previous studies and add further evidences, suggesting that endothelial dysfunction may account for the increased risk of cardiovascular diseases found in people with mercury intoxication. 9, [17] [18] [19] Nevertheless, the blood pressure or cardiac haemodynamics of these animals remained unchanged despite endothelial dysfunction. In fact, experimental studies have been unable to recapitulate hypertension in an animal model when varying doses ,20-22 but indicated a time-dependent effect of mercury on the blood pressure. 23 Concerning the role of NO in the endothelium-dependent vasodilatation, we found that exposure to HgCl 2 reduced endothelium-dependent vasodilatation in aorta segments. Because endothelium-dependent vasodilatation primarily involves NO release, we investigated the role of NO in the ACh-mediated relaxation and the possible factors that may affect its production and/or action. Our data indicate that the effect of L-NAME was less pronounced in the aortic rings of the Hg group, as also suggested by reduced endothelial modulation on the vasoconstriction experiments using both resistance and conductance vessels. 16, 24 Methyl mercury has been demonstrated to inhibit NO production and NO synthase (NOS) activity in cultured human umbilical vascular endothelial cells. 25 Because after absorbed, organic mercury is almost totally oxidized to inorganic form in erythrocytes, liver and kidneys, a inhibitory effect on NOS by HgCl 2 is reliable. However, Wiggers et al 6 reported that the protein expression of endothelial NOS (eNOS) in resistance arteries from rats exposed to a low dose of mercury did not change. Although we cannot suggest a reduction in the eNOS expression or activity, both F I G U R E 5 Effect of chronic mercury exposure on the role of NO-mediated activation of potassium channels and Na + /K + -ATPase functional activity on the vasodilatation. In A and B, concentrationresponse curves to sodium nitroprusside (NPS) were constructed without or with the pre-incubation of arteries from control (CT) and HgCl 2 -treated rats (Hg) with tetraethylammonium (TEA). In the Hg group, relaxation in response to NPS was also tested after incubation with tiron alone or co-incubation of tiron with TEA. In C-E, concentration-response curves for NPS were also constructed after incubation with ouabain. In F-H, to evaluate functional activity of the Na + /-K + ATPase, KCl-induced relaxation was constructed in the aortic rings before and after incubation with ouabain and the magnitude of effect was presented as difference between areas under curves (dAUC). The protein content of the α 1 isoform of Na + /-K + ATPase was quantified based on the integrated optical densities of bands (I). *P < 0.05 vs the respective group without intervention, by two-way ANOVA followed by Bonferroni's post hoc test for multiple comparisons. | 195 result in reduced NO bioavailability. In fact, "in situ" measurements showed a lower amount of NO in the Hg group, as indicated by our functional data. Because decreased NO bioavailability in pathological conditions may also result from its metabolic degradation by ROS, 26 we aimed to investigate oxidative stress. The data presented here indicate that incubation with the O ÁÀ 2 scavenger tiron indeed restored vasorelaxation in the Hg group. Similarly, incubation with superoxide dismutase or tiron, and acute or chronic treatment with apocynin have all been shown to prevent the vasoconstrictor hyper-reactivity of different arteries in rats exposed to HgCl 2 . 6, 7, 21, 27 Furthermore, mercury was also shown to reduce antioxidant defence, 28, 29 glutathione peroxidase levels, 21, 29 catalase levels and superoxide dismutase levels. 21, 30 In addition to the reduced releasing/action of endothelial NO, increased local production of vasoconstrictors, such as angiotensin II and COX-derived prostanoids, appears to contribute to the impaired vasodilatation observed in our model. These data reinforced previous studies showing that incubation with both angiotensinconverting enzyme inhibitors or angiotensin 2 type-1 receptor antagonists reduced vasoconstrictor hyper-reactivity in mercury-exposed rats. 16, 24, 27 Similarly, smaller doses of mercury have previously been shown to increase COX expression in aorta homogenate and its participation in the vasoconstrictor responses. 16 Therefore, we may speculate that the activation of the local renin-angiotensin system by mercury intoxication may increase the formation of ROS and prostanoids, which subsequently decreases NO bioavailability and reduces ACh-mediated vasodilatation.
It is well known that potassium channels participate in the regulation of vascular tone and blood flow, and various substances derived from the endothelium, including NO, can modulate these channels. 31 Although the endotheliumderived hyperpolarization predominates in resistance arteries, the relative importance of each endothelial factor and their interaction may vary according to the pathophysiological context. In this regard, incubation with TEA reduced the ACh-mediated vasodilatation only in the control group, suggesting a loss of potassium channel activation in the Hg group. It is noteworthy that although selective inhibition would help to identify the subtypes of the potassium channels involved in this effect, 1 mmol/L TEA, as used in the present study, has been suggested to be relatively selective for calcium-activated potassium channels (K Ca ). 32 In addition, when used at a concentration of 5 mmol/L, TEA equally inhibited ACh-induced vasodilation in the control and Hg groups (data not shown). Thus, our data suggest that the participation of the K Ca subtypes was blunted in the endothelium-mediated vasodilatation after mercury exposure and that the participation of other potassium channel subtypes remained unchanged. Wiggers et al 24 used lower doses of mercury and showed a reduction in the participation of potassium channels in mesenteric resistance arteries. However, other authors have demonstrated that acute incubation with different concentrations of mercury can stimulate or suppress potassium efflux currents that are sensitive to TEA or glibenclamide in human B lymphocytes, 33 proximal tubular cells of the frog kidney 34 and rat thoracic aorta. 35 Because endothelial NO can directly activate the potassium channels, especially BK Ca , 36 and ROS can negatively modulate the activity of these channels, 37 we evaluated the vasodilatation in response to the NO donor SNP after a pre-incubation with tiron to test the response to a known amount NO without the influence of local ROS. Under these conditions, incubation with TEA significantly reduced SNP-induced vasodilatation in mercury-treated animals, indicating that the potassium channels sensitive to this exogenous NO may remain intact. Indirectly, these data also suggest that the reduced involvement of these channels in the ACh-mediated vasodilatation was due to decreased NO bioavailability and/or increased ROS rather than the decreased expression and/or activity of these potassium channels.
In addition to the hyperpolarization of vascular smooth muscle via the activation of potassium channels, Na + /K + -ATPase also modulates the vascular tone in both physiological and pathophysiological conditions. 38 To the best of our knowledge, this study is the first to test the effects of mercury on the functional relevance of Na + /K + -ATPase to the vascular tone control. Regarding this, our data indicate that the ouabain-sensitive portion of the vasodilatation to ACh was reduced by mercury. Although the functional role of the sodium pump in vascular tone has not yet been addressed, the mercury-related inhibition of Na 42 and Yoshida reported that the biochemical activity of this enzyme was reduced in erythrocytes from exposed workers. 43 Even being an exposure with mercury vapour, as mentioned before, because a degree of interconversion might occur into the body, inorganic mercury could indeed alter sodium pump. In fact, Hg 2+ is accepted to react with sulfhydryl groups on Na + /K + -ATPase, thereby reducing the sodium pumping. 44 Nevertheless, because NO is known as an endogenous modulator of vascular Na + /K + -ATPase, 45 and the aorta from mercury-treated rats exhibited reduced NO, we tested whether that reduction in sodium pump activity during ACh-induced relaxation was a result of the decreased NO availability or the reduction in Na + /K + -ATPase itself. For this, we assessed the effect of ouabain on the vasodilatation induced by SNP and, surprisingly, the greater inhibitory effect of ouabain indicated that Na + /K + -ATPase in response to the exogenously delivered NO played a major role in the Hg group. Furthermore, K + -induced relaxation sensitive to ouabain, used as an index of Na + /K + -ATPase functional activity, was increased in the Hg group, reinforcing the augmented sodium pump activity. In agreement, arteries from the Hg group also exhibited higher α1 subunit protein expression. Taken together, these data indicate that the expression and activity of sodium pump are increased despite its reduced role in ACh-mediated relaxation, which is the result of decreased NO bioavailability due to mercury exposure. This increase may be a compensatory mechanism.
In summary, our results show for the first time that the endothelial dysfunction caused by exposure to HgCl 2 for 30 days was accompanied by a reduced the vasodilator response of the rat aorta; this reduction involves increases in local oxidative stress and renin-angiotensin system activation associated with decreased NO bioavailability, factors that contribute to the endothelial dysfunction described in this model. According to our data, the increased ROS and decreased NO bioavailability reduced not only the participation of potassium channels but also that of Na ATPase-dependent relaxation and the α1 subunit expression were increased, probably as a compensatory response to the reduced NO bioavailability.
